Aiming to solve the safety problems of high-speed railway operation and management, one new method is urgently needed to construct on the basis of the rough set theory and the uncertainty measurement theory. The method should carefully consider every factor of high-speed railway operation that realizes the measurement indexes of its safety operation. After analyzing the factors that influence high-speed railway safety operation in detail, a rough measurement model is finally constructed to describe the operation process. Based on the above considerations, this paper redistricts the safety influence factors of high-speed railway operation as 16 measurement indexes which include staff index, vehicle index, equipment index and environment. And the paper also provides another reasonable and effective theoretical method to solve the safety problems of multiple attribute measurement in high-speed railway operation. As while as analyzing the operation data of 10 pivotal railway lines in China, this paper respectively uses the rough set-based measurement model and value function model (one model for calculating the safety value) for calculating the operation safety value. The calculation result shows that the curve of safety value with the proposed method has smaller error and greater stability than the value function method's, which verifies the feasibility and effectiveness.
Introduction
China's high-speed railways have been built since 1998, and the first high-speed railway began operating in 2003. The total operating miles in China has increased to 22,000 km now. However, the corresponding development and manufacture technologies are still immature and the relevant operation experience is insufficient in the field of high-speed railway operation [1] [2] [3] . For example, the recent Wenzhou train crash accident on July 23, 2011 poses an extreme challenge to the railway safety operation. Therefore it is urgent to make an elaborate inspection of various factors that influence high-speed railway operation so as to ensure safety [4] . Moreover, some relevant measurement results should be conducted and refined to enhance the protection system and improve the operation management level [5] .
It is believed that the comprehensive measurement for high-speed railway under the safety operation situation is a principal way to improve management level [6] . Current researches on a1111111111 a1111111111 a1111111111 a1111111111 a1111111111 the safety evaluation of high-speed railway operation could be mainly divided into two categories: one is emergency prediction of macro disaster and another is impact mechanism analysis of micro environmental factors [7] [8] [9] [10] . For the first category, some key problems of safety evaluation have been outlined, such as alarm threshold, train control mode and high-speed railway warning system. For the second category, the potential factors that cause operation disaster are mainly the following four aspects: personnel, equipment, management and environment. Besides that, some scholars introduced the analytic hierarchy process (AHP) to establish the risk assessment system of high-speed railway [11] [12] . The specific discussions of impact mechanism such as rain, wind and other disaster elements in the high-speed railway have been fully considered in the aspect of environmental factors impact mechanism [13] [14] . The existing models and methods include D-S evidence theory, expert evaluation, grey correlative grade method and fuzzy comprehensive evaluation method, etc. were well used for evaluating the safety degree [15] [16] [17] [18] . Whereas the result of D-S evidence theory usually appears some counterintuitive conclusions when dealing with the conflict evidences under the normalization process. Expert evaluation has the advantage of fast prediction, but it can not reflect the objective reality necessarily. Grey correlative grade method doesn't need many examples and specific distribution regularities so that it has the advantage of small computation. However, the optimal value of each factor is difficult to be determined with subjectivity. Fuzzy comprehensive evaluation method also has the problems of strong subjectivity and complicated calculation. Value function is a value between decision-maker's subjective feeling and gains or losses, which has been applied in the decision-making science. This method is very effective in dealing with the attribute membership problem, and it is also well used for evaluating the safety of traffic network [19] [20] .
Based on the above analysis, this paper sets up a measurement model for evaluating operation safety based on the assumption of measurement factors and results, which has combined the rough theory and the measurement matrix and reduction method in the uncertainty theory. The rough set theory has been proved its effectiveness on machine learning, intelligent systems, inductive reasoning, decision analysis, and expert systems [21] . In especial it provides better performance in selecting the clustering attribute in terms of purity, entropy, accuracy and others [22] . In order to increase the objectivity of decision-making process, this paper adopts the fuzzy-distance method [23] to determine the weight coefficient of measurement index of high-speed railway safety operation.
Measurement index system of safety operation
According to the description of the rough set theory, the knowledge inference for railway operation is a kind of approaches that calculates all minimal decision methods, which is based on the given condition characteristics and result characteristics of knowledge system [24] . As the principle of measurement system described, the system can measure the changes in different situations during different time periods and measure the differences between each operation situation at the same time [25] . Thus the measurement model is established for evaluating the safety situation due to the measurement index system, which is an important foundation for describing and measuring the high-speed railway safety operation. Some relative measurement indexes are mainly simplified by the rough set theory in this chapter, and the main factors that influence the evaluation of safety operation are picked out.
Measurement index system
The concept of safety operation is dynamic, and it is constantly changing with the development of society [26] . The measurement index system about high-speed railway safety operation could be intensively built in accordance with the principle of comprehensiveness, practicability, measurability and comparability. Through comprehensive analysis of the operation characteristics of high-speed railway, the relative factors which influence the operation safety could be divided into 3 major types:
1. Human factor. Staff's comprehensive quality, level of education and attitude for work are the key factors to ensure safety operation. It is reported that the ratio of human errors causing accidents is over 70%. Therefore, the human factor is the key element of railway safety operation.
2. Equipment factor. Suitable equipment is not only the material basis but also the important guarantee for safety operation of high-speed railway.
3. Environment factor. The environment includes not only social, natural and working condition and environment but also the surrounding space and natural human environment, which composes of all the production facilities. In order to decrease every harmful factor as far as possible in the environment factor, the potential unsafe factor should be found out and the level scores should be defined by the expert experience.
The measurement index system of high-speed railway safety operation and its level scores are elaborated in Table 1 .
Level definition of safety operation evaluation
The classification standard of measurement index respectively takes the actual index of national standard or the average level of abroad and domestic high-speed railway passengercarrying situations as the medium level, and other levels are acquired by the examination and extrapolation. In this paper, the measurement index could be classified into 5 levels: very safe, safe, general, unsafe and very unsafe so that a relative interval of each level above could be set up, and the specific situation is displayed in Table 1 . For simplifying the formula computing of the rough set theory, the original digits are introduced to the discretization process. Putting 16 
Measurement model of safety operation
It is well known that the rough set theory was provided as a way to study the incomplete and unsure knowledge, and the method can simplify the calculations [21] [22] . A comprehensive measurement method is proposed according to the rough set theory which based on some relative national standards and statistical data. Firstly defining x 1 , x 2 , Á Á Á, x n as n high-speed railway lines, which are described as X = {x 1 , x 2 , Á Á Á, x n }. Then defining I = {I 1 , I 2 , Á Á Á, I 16 }as the index set in the measurement index, where x ij is the measurement value of high-speed railway line x i of the measurement index I j . The measurement space is mainly described the size of subset which is composed by a number of elements. Thus defining C = {c 1 , c 2 , Á Á Á, c k } as the measure space, where c k (1 k K) means the k-th measurement degree of safety operation. At last, the calculated measurement results combine qualitative information, history accident data with the present information.
Measurement degree of the single index
The measurement value x ij , which means the high-speed railway line x i of measurement index I j , all of x ij are not the same. Defining the degree μ ijk = μ(x ij 2 c k ) as the measurement level of c k , which is the k-th level of high-speed railway line x i , and μ ijk must satisfy the condition: 0
and k = 1, 2, Á Á Á, K. Since the railway line x i are calibrated by j measurement indexes, and one measurement index is divided into k measurement degrees, all of μ ijk can be constructed as 
Weight coefficient of measurement index
Due to the complexity of high-speed railway operation system, the more training samples could not be gotten so that the objective weighting method could not be used to obtain the weighting coefficient of measurement index [27] . This paper adopts the fuzzy-distance method to determine the weight coefficient of measurement index of high-speed railway safety operation for increasing the objectivity in the decision-making process. Supposing that w j is the weighting coefficient of measurement index I j of high-speed railway safety operation, w j can be described as
Where x ij is the measurement value of railway line x i of the measurement index I j .
Comprehensive measurement of safety operation
The single measurement matrix of high-speed railway line x i could be obtained by formula (1), and the weight coefficient of measurement index could be obtained by formula (2), thus μ i could be figured out as
Where μ i is the measurement vector of safety operation of high-speed railway line x i .
Measurement principles of safety operation
The measurement level classification of high-speed railway safety operation is arranged in order, and the measurement level c k is better than the measurement level c k+1 . Therefore, it is not suitable that using the criterion of confidence coefficient to evaluate the maximum measurement level. For dealing with the problem above, we make two principles for the safe operation measurement. Principle 1. Defining k o as the measurement level and defining λ(λ > 0.5) as the confidence coefficient of high-speed railway safety operation. k o could be described as
Estimating the high-speed railway line x i whether satisfies the measurement level c k o of k o through formula (4).
Principle 2. The orderly values of high-speed railway safety operation could be described as
The comprehensive measurement value p i of the high-speed railway line x i could be acquired by formula (5) . According to the description of measurement model, p i is bigger which means the operation situation of high-speed railway is better. On the contrary, p i is smaller which means the situation is worse.
Case analysis
China is extensively developing its infrastructure of high-speed railway and drawing up a plan to cover the major economic areas through the high-speed railway networks with four horizontal and four vertical lines in the next several years. Table 2 gives an overview of the safety situation of 10 high-speed railways which has been analyzed.
The detail operation data (including the mileage, energy consumption, performance quality of train staffs, etc.) of the 10 railway lines in the "four verticals and four horizontals" are provided by Shanghai Railway Administration (SRA), parts of data can be found in the official site of SRA. Besides that, the operation condition of the 10 lines: Dividing the investigated original data about the 10 railway lines into 16 measurement indexes as the criterion of Table 1 and then organizing 4 experts of different research areas in environment engineering, transport engineering, social engineering and mechanical engineering to comprehensively judge the safety scores with their subjective experience. The key of judging criterion is to analyze the number of accidents, energy consumption, academic diplomas and skill levels of operators, economical levels of cities, etc. Finally, the decision-making table is shown in Table 3 .
Measurement of high-speed railway safety operation based on the rough set
The redundant and core attribution of safety operation are obtained from Table 3 . Due to the complexity of measurement index system and calculation, it is necessary to simplify the attribution factors for increasing the calculation accuracy and simplifying the calculation process. After comprehensively evaluating the important degree of the 16 measurement indexes, as while as using the reduction method of the rough set theory for reducing the contents of measurement index system to 6 factors such as the safety education level, total work attitude, motor driving technology, safety facilities system, rainfall monitoring system and earthquake monitoring system. The relative measurement index system is obtained as Table 4 displayed and the specific information in Table 4 has removed some redundant messages so as to obtain more operationally reliable results.
According to the measurement model for safety operation, the evaluation values of the 10 high-speed railways lines R 1 , R 2 , R 3 , R 4 , R 5 , R 6 , R 7 , R 8 , R 9, R 10 are given, and there are 9 measurement factors and each evaluated object will get 5 points. According to the data of the evaluated object such as line R 1 , the single index of measurement matrix μ 1jk of high-speed railway The weight vector of measurement index for high-speed railway safety operation could be got through formula (2) 
Therefore, the safety operation situation of R 1 belongs to the third level. Through formula (5), the measurement value of line R 1 is p 1 = 0.3293. Similarly, the other values of safety operation about lines: R 2 , R 3 , R 4 , R 5 , R 6 , R 7 , R 8 , R 9, R 10 could be calculated and they are showed in Table 5 .
The ordination graphs of them are shown in Figs 1 and 2.
As one can see from Fig 1 , the rough set-based measurement model calculates the sort values in different vectors of evaluation as while as the maximum values of the 10 lines are concentrated on the third vector, in other words, the safety operation situation of the 10 lines are all belonging to the third level (General level). Fig 2 shows the sort values, obviously the order of operation safety of the 10 high-speed railway lines is R 6 
Measurement of high-speed railway safety operation by value function
In order to measure the operation safety, it is very practical for using value function to analyze and evaluate high-speed railway. Value function is a flexible and practical method, its main characteristic is that it could combine qualitative with quantitative in decision-making process. Assuming that f I j ðx ij Þ is the value function of measurement index I j . Here w j is the weight coefficient of measurement index I j , and Step 1. The weight coefficient of measurement indicators can be determined by formula (2). Step 2. The value of high-speed railway safety operation can be obtained by formula (11) 
Where
Ã is the value of the optimal indicator, " x is the average value of the indicators. What's more, J + is the benefit-type indicators set, and J − is the cost-type indicators set.
The values of safety operation of the 10 high speed railway lines are given in Table 6 , and all the investigated data are consistent with the case analysis of rough set model. 
According to U (R i ) of the comprehensive measurement, the safety ranking of high-speed railway line is
Comparative analysis about the calculation results of two measurement models
Based on the case analysis in the last two chapters, the calculation results of two measurement models are different. The priority relationship about the safety ranking of the 10 high-speed railway lines is R 6 > R 7 > R 5 > R 1 > R 8 > R 10 > R 4 > R 3 > R 9 > R 2 , the calculation result of two models are shown in Fig 3. The chart of Fig 3 by MATLAB shows the 10 high-speed railways operation safety between the two measurement models. The calculation error is an efficacious value to present the value changes of the evaluation result. The calculation error between the maximum and minimum values of rough set-based model is 0.0517, and the calculation error of value function-based model is 0.5511. Furthermore, the relative error of proposed method is 0.1477, and the relative Rough set-based measurement model for safety operation error of value function-based model is 0.6384. It is obvious that the curve of rough set-based measurement model is more smooth and steady than the value function one. Thus the proposed rough set-based measurement model has more evaluation accuracy than the value function-based model.
Conclusions
Safety degree is an evaluation criterion that reflects the development state and comprehensive safety level of high-speed railway. It also can provide the parameters that guide the decisionmaker to manage and change the condition of railway. Based on the rough set theory, a deep insight of the effective model is provided for evaluating the safety of high-speed railway. The paper sets up a new measurement index system of high-speed railways safety operation in scientific way and simplifies the measurement factors that influence the safety of high-speed railway. The proposed model overcomes the defects of single measurement index, and obtains the evaluation result in accordance with the single index measurement matrix. In addition, the proposed method has smaller error and greater stability than the value function method one. Thus, the measurement model is of great theoretical and practical significance for high-speed railway safety operation, and it has a great application prospect in the field of safety evaluation.
